Enterohemorrhagic Escherichia coli (EHEC) (also called verotoxigenic E. coli) is an important cause of diarrhea. This organism also produces a toxin which plays a role in disease (verotoxin or Shiga-like toxin [SLT] ). Most patients with EHEC infection recover uneventfully within a few days, but in about 8% of cases (23) the diarrhea is followed by hemolyticuremic syndrome (HUS), a life-threatening complication with a substantial morbidity in survivors (19, 25) . HUS appears to be caused by the interaction of SLT with endothelial cells. Worldwide, many serotypes of EHEC have been described, but in North America one type predominates, E. coli O157:H7 (11, 12) . Epidemiological evidence shows that EHEC O157:H7 strains are present in the feces of healthy cattle, providing indirect evidence that EHEC O157:H7 can colonize the bovine intestine without causing disease.
Because of the potential seriousness of EHEC infection (4), vaccination has been proposed, either to prevent the disease in humans or to reduce colonization in cattle. However, the immunological response to EHEC infection has not been well characterized. It is known that patients infected with E. coli O157:H7 and other serotypes of EHEC develop an antibody response to O lipopolysaccharide (O LPS), and there is evidence that antibodies to O157 may prevent colonization (3, 6, 20) . There are, however, many serotypes of EHEC that cause HUS, and a monovalent LPS vaccine would not cover them all. The extent to which there is an immunologic response to SLT is controversial (16) . EHEC produces several recently described virulence determinants, which enables it to colonize the large bowel and cause disease (7, 9) . Several of its virulence factors are secreted by a type III secretion system which delivers virulence factors directly into host cells (13) . These factors include EspA, which forms filamentous structures on the bacterial surface bridging to the host cells' surface (18) . These structures may deliver other virulence factors directly into the host cell from EHEC. EspB is delivered primarily into the host cell membrane, where it becomes an integral membrane protein (26) . EspB, along with EspD, probably forms a pore structure through which other bacterial effectors, such as Tir, gain access to the host cell. Additionally, a small fraction of EspB is delivered into the host cytosol. Tir is a bacterial molecule that uses the type III secretion system, EspA, EspB, and EspD for delivery into the host cell membrane. Once translocated into the host cell, Tir then functions as the receptor for intimin, which is an integral outer membrane protein of EPEC and EHEC (17) . Tir-intimin binding attaches EHEC to the intestinal cell surface and triggers actin cytoskeletal rearrangements beneath adherent EHEC, resulting in pedestal formation.
There is no good animal model for EHEC pathogenesis, and thus much of our knowledge about EHEC pathogenesis and virulence comes from studies with related pathogens that cause pedestal formation and diarrhea using homologous proteins. Enteropathogenic E. coli (EPEC) adheres to the small bowel but causes morphological changes on the intestinal surface similar to those caused by EHEC (7), in addition to causing severe neonatal diarrhea in children. Using EPEC, it has been shown that intimin and EspB are key virulence factors in human volunteers (8) . Additionally, using rabbits infected with rabbit EPEC O103, it has been shown that EspA and EspB are essential virulence factors needed for pedestal formation and infantile rabbit diarrhea (1), while another group has recently shown that Tir is a virulence factor in the rabbit infection model (21) . Finally, using Citrobacter rodentium, it has recently been shown that EspB and Tir are virulence factors in this related infection model (unpublished data). Collectively, these studies indicate that pedestal formation, mediated by intimin, EspA, EspB, and Tir, is an essential process for disease and that these four molecules are essential virulence factors.
Given the key roles that EspA, EspB, Tir, and intimin play in EHEC adherence, pedestal formation, and presumably virulence and their different locations-either on the bacterial surface (EspA and intimin) or inserted into the host cell (EspB and Tir)-we examined whether EHEC-infected patients raise an immune response to these virulence factors.
MATERIALS AND METHODS
Sera. Sera were obtained from five patients with acute diarrhea due to E. coli O157:H7, two of whom developed HUS (Table 1) . Acute-phase sera were taken on the patients' initial presentation to the emergency department, and convalescent-phase sera were obtained 8 and 60 days after the acute-phase specimen. The timing of these specimens in relation to the onset of illness is shown in Table 1 . Twenty-five sera from patients between 1 and 16 years of age, without a history of recent diarrhea, were used as controls to determine the breakpoint of the O157 antibody tests. Three random sera were selected from these for controls in the Tir, EspA, EspB, and intimin antibody assays.
Purification of EHEC secreted proteins. Wild-type EHEC O157:H7 or a type III secretion mutant (sepB) which does not secrete Tir, EspA, or EspB (14) was grown in Luria-Bertani (LB) medium overnight. The culture was then diluted 1:10 into M-9 minimal medium supplemented with 44 mM NaHCO 2 , 8 mM MgSO 4 , 0.4% glucose, and 0.1% Casamino Acids, culture conditions which optimize type III secretion. Cultures were grown standing at 37°C in 5% CO 2 to an optical density at 600 nm of 0.7 to 0.8. The growth supernatant was concentrated 100-fold by ultrafiltration (Amicon 30 device); the total protein concentration was verified by the bicinchoninic acid protein assay method.
Purification of recombinant EHEC proteins. A clinical isolate of E. coli serotype O157:H7 was used as the source of DNA. espA, espB, tir, and the region of eae encoding the 280 carboxyl-terminal amino acids of intimin were amplified from chromosomal DNA using PCR to introduce unique restriction sites, followed by cloning into pCR2.1 TOPO (Invitrogen). The resulting plasmids were cleaved with BamHI/SalI (espA), BamHI/XhoI (expB), or XhoI (tir) and then ligated into pGEX-6P-1 (Pharmacia) to create glutathione S-transferase (GST) fusions. Plasmids were then electroporated into the expression strain E. coli BL21 (Pharmacia) and grown in LB medium containing ampicillin (10 g/ml) overnight. This culture was diluted 1:10 into fresh LB-ampicillin medium and grown for an additional 1 h at 37°C, with fusion protein expression being induced by adding 100 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to a concentration of 0.3 mM and continuing incubation about 4 h. Bacteria were pelleted (15 min at 6,100 ϫ g), and the pellet was resuspended in Tris-buffered saline (TBS) prior to sonication to lyse bacteria. The supernatant was centrifuged (10,000 ϫ g for 15 min at 4°C) to remove intact cells and insoluble material. The supernatant was then mixed with a 50% slurry of glutathione-agarose beads (Sigma) for 30 min at 4°C. Recombinant proteins were eluted by adding 50 mM Tris-HCl (pH 8.0)-10 mM reduced glutathione. The purity of the proteins was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue staining.
Immunoblot analysis. Supernatants containing the EHEC secreted proteins (EspA, EspB, and Tir) or the supernatant from the sepB type III secretion mutant and purified EHEC recombinant GST fusion proteins were resolved by PAGE (10% polyacrylamide). Proteins were transferred to nitrocellulose, and immunoblots were blocked in 5% nonfat dried milk in TBS, pH 7.2, containing 0.1% Tween 20 (TBS-T) overnight at 4°C and then incubated with patient antisera (1:10,000 dilution) for 2 h. Membranes were washed three times with 0.5% nonfat dried milk in TBS-T and incubated with a 1:10,000 dilution of horseradish peroxidase-conjugated rabbit anti-human immunoglobulin G. Antigen-antibody complexes were visualized with the enhanced chemiluminescence detection kit (Amersham). Control immunoblots were performed with sera obtained from patients admitted for non-E. coli disease. All of these blots showed no detectable reactivity to the EHEC secreted proteins.
ELISAs. Enzyme-linked immunosorbent assays (ELISAs) were used to determine the titers of antibodies in patient sera. One hundred microliters of EHEC GST fusion proteins of EspA (0.16 g/well), EspB (0.24 g/well), Tir (0.1 g/well), and intimin (0.187 g/well) was used to coat individual wells in microtiter plates and incubated overnight at 4°C. Wells were washed three times and blocked with 0.5% nonfat dried milk in phosphate-buffered saline. Serial dilutions of sera were then added to each well and incubated for 2 h at 37°C, washed, and blocked as described above. Peroxidase-conjugated rabbit anti-human immunoglobulin G antibodies were diluted 1:5,000 in 0.5% milk in phosphatebuffered saline, and 100 l was added to each well. After 1 h of incubation at 37°C, wells were washed three times, followed by three washes with distilled water. ELISAs were read at a wavelength of 492 nm. Control sera from patients admitted for non-E. coli disease had titers of Ͻ1/50, which is similar to background readings.
O157 antibody tests. Hemagglutination inhibition (2) and enzyme immunoassay (3, 10) tests for antibody to O157 LPS were performed as previously described.
RESULTS
Immunoblot analysis of patients' sera to EHEC supernatant. To determine if the patients' sera contained antibodies to EHEC secreted proteins, immunoblots were performed with EHEC supernatant probed with sera taken from the five patients at days 0, 8, and 60 following hospitalization (Fig. 1B) . As a control, EHEC supernatant proteins collected from a type III secretion mutant (sepB) which does not secrete Tir, EspA, or EspB was used (Fig. 1A) . There was little reaction to either supernatant with the serum obtained at day 0 (patient 95-8001). However, by day 8 a strong reaction to several supernatant proteins from EHEC, but not from the type III mutant, was seen. The response at day 60 was similar but dampened. Similar results were seen with all five patients' sera at day 0, day 8 (Fig. 1C) , and day 60. In the sera of three patients (patients 95-8050, 95-8160, and 97-8005), there was also reac- tivity against an approximately 100-kDa supernatant protein whose secretion was independent of the type III system. This protein is likely EspP, which is the other predominant secreted protein of EHEC (Fig. 1A ) that comigrates with this band and uses an autoproteolytic mechanism for secretion (5). This protein is not involved in pedestal formation. These results indicate that EHEC proteins secreted by its type III system are strongly immunogenic. Immunoblot analysis of patients' sera to EHEC secreted proteins and intimin. To determine which type III secreted proteins were being recognized, we determined the reactivities of the sera to various purified EHEC secreted proteins. Because the recombinant proteins were made in a non-O157 E. coli strain, any potential LPS cross-reactivity would be removed. EspA, EspB, Tir, and the 280 carboxyl-terminal amino acids of intimin were fused to GST, and the recombinant fusion proteins were expressed in nonpathogenic E. coli and purified with glutathione beads. Although intimin is an outer membrane protein not secreted by the type III system, because it binds to Tir and is a key virulence factor we also included it. EspD, the other type III EHEC secreted protein, was not included as we were unable to produce a recombinant form of it, despite repeated attempts, perhaps due to its hydrophobic nature. Each recombinant fusion protein was separated by SDS-PAGE, and immunoblot analysis with the patients' sera was performed (Fig. 2) . The results for one patient, patient 95-8001, are shown in Fig. 2B . Little reaction was seen to any of the EHEC proteins at day 0, although there was faint reactivity to Tir. Day 8 serum strongly reacted with all four GST fusion proteins but not with GST alone, with the Tir response being the strongest. Day 60 serum showed a reaction similar to that seen with day 8 serum but weaker. Similar results were seen with sera from all five patients (reactivity with day 8 serum is shown in Fig. 2) . In all cases, the reaction to Tir was the strongest, followed by reactions to intimin and EspA, and the anti-EspB response was the weakest. These results suggest that each of these four EHEC virulence factors is recognized by the immune response, with the anti-Tir response being the strongest.
ELISA of responses of patients' sera to EHEC secreted proteins and intimin. To obtain a more quantitative measure of the response to each EHEC protein, ELISAs were performed with each purified fusion protein. (ELISAs performed with EHEC supernatants were not included, as O157 LPS contamination in the supernatant could not be avoided.) In Fig. 3 , ELISA results with all five patients' sera are shown. In all five day 8 samples, the titer of antibody against Tir was greatest, ranging from 1:6,400 to 1:256,000. Similar to the immunoblot results, reactivity to intimin and EspA was intermediate, with titers of antibody to EspB being the lowest in all five patients.
In Fig. 3 , the antibody responses of all the patients at the three collection times to Tir, EspA, intimin, and EspB can be calculated. The response to Tir was strongest, followed by the responses to EspA (titers ranging from 1:100 to 1:7,500) and intimin (titers ranging from 0 to 1:25,600) and then the reaction to EspB (titers ranging from 0 to 1:20,000).
As expected, all five patients also responded to O157 antigen ( Table 1 ). Patient 95-8160 was antigen positive by hemagglutination inhibition but antigen negative by enzyme immunoassay.
DISCUSSION
Given the incidence of EHEC-associated diseases, there is increased interest in developing strategies to prevent these diseases. One potential strategy would be to develop a human EHEC vaccine that would prevent primary EHEC infection, thereby blocking progression to severe sequelae in those with established infection. This strategy requires an increased understanding of EHEC molecules that could be used as vaccine candidates. This includes identification of such molecules, determining their antigenicity and immunogenicity, and testing their potential in vaccines.
To this end, we focused on key EHEC virulence factors (EspA, EspB, Tir, and intimin) that are essential for bacterial interactions with host cells and disease, since these represent EHEC-specific factors that are not present in normal flora yet are conserved among EHEC isolates. These four proteins represent interesting vaccine candidates since intimin is an integral outer membrane protein, EspA is part of a filamentous structure on the bacterial surface, and EspB and Tir are delivered to the host cell. Blocking any of these proteins should prevent pedestal formation, inhibit adherence, and ultimately block disease.
Several reactive bands were seen when EHEC supernatants were probed with patient sera. It is unlikely that these multiple bands represent O157 LPS, since equal amounts of the supernatant from the type III mutant did not produce these reactive bands. It is possible that they represent breakdown forms of the type III secreted proteins, since breakdown forms of Tir have been reported (17) . In Salmonella spp., several other pathogenicity islands and islets have been identified which encode effectors secreted by a type III system encoded on a distant genetic locus. It is possible that these multiple bands represent other type III effectors encoded elsewhere on the EHEC genome. It is unlikely that they play a role in pedestal formation, since the EHEC locus for enterocyte effacement contains all the necessary genetic factors to form pedestals in nonpathogenic E. coli (22) . However, they may have other effects necessary for full virulence.
The results seen in Fig. 3 demonstrate that all five of the patients with EHEC infection developed a significant antibody response to Tir and to EspA. All patients except patient 95-8160 also produced a detectable antibody response to intimin and to EspB. The five patients differ in the overall magnitude of response, but in all five patients the response to Tir is greater than that to the other three proteins (note differences in scales within Fig. 3) , and in the case of patient 95-8160, Tir was the only secretory protein to which there was a detectable response. In each assay system the amount of protein incorporated into the solid phase was standardized. Although there are differences in molecular weight between the proteins, these are unlikely to explain the amount by which the response to Tir exceeds that to the other three proteins. Instead, this difference can be attributed to a greater immunologic response to Tir than the other three molecules. Two of the patients developed HUS (patients 95-8050 and 95-8001). The antibody responses of these patients do not appear to differ from those of the three who did not develop HUS. All five patients developed the expected response to O157 LPS (Table 1 ).
There appears to be some antibody in some of the early samples, especially antibody to Tir, although in all cases there was a rise in titer between the first and the second specimens, with the exception of titers of antibodies to intimin and EspB in patient 95-8160. The first serum was taken from patients 2 to 4 days after the onset of diarrhea ( Table 1 ). The incubation period of EHEC is thought to be about 3 to 5 days. It can therefore be estimated that the first sera were collected between 5 and 9 days after infection, by which time there might be an early primary antibody response.
A very recent study of Brazilian mothers and children found anti-Tir in the colostrum and in the serum (24) . In our study, anti-Tir was present in all the patients at 60 days, but the titer of this antibody was less than that for the day 8 sera. Long-term follow-up of patients with acute infection would be necessary to determine whether detectable anti-Tir persists or whether the presence of the antibody in a random population in Brazil reflects repeated exposure to Tir-producing pathogens in a different epidemiologic situation. In a second recent study, antibodies to Tir, EspA, and intimin were found, by Western blotting, in a series of EHEC-infected patients (15) . However, in that study the recombinant proteins used were from EPEC, and these proteins differ significantly from EHEC proteins, which could affect reactivity. This study is the first to define quantitatively the antibody response by serial observation of individual O157:H7 patients to O157:H7 antigens. Both studies indicate that Tir is highly immunogenic. However, at least with tissue culture models, most of Tir is inserted directly into host cells. This also indicates that type III effectors that are delivered to host cells can still be recognized by the host immune system. However, we cannot rule out the possibility that Tir is secreted by the bacterium during infection or is released by bacterial lysis. Whichever the case may be, Tir makes a promising vaccine candidate, given its essential role in adherence and disease and the robust antibody response it elicits during disease.
In conclusion, we have shown that EHEC patients raise a significant antibody response to EHEC virulence factors, especially Tir. Although this indicates that these factors may be potential vaccine candidates for both humans and cattle, additional studies need to be done to demonstrate that antibodies to these virulence factors are capable of preventing either disease or carrier status.
